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Abstract
SINUSOIDAL ENDOTHELIAL CELL-DERIVED EXTRACELLULAR MATRIX
REGULATES BASAL AND STIMULATED MACROPHAGE ACTIVATION
Lauren G. Poole
03/29/2013
Background. Fatty liver disease, be it from alcohol (ALD), obesity (NAFLD) or other
sources (e.g. viral infection), share similar mechanisms of disease progression. One
potential mechanism is that altered sinusoidal endothelial cell (SEC) extracellular matrix
(ECM) favors a more inflammatory phenotype in resident macrophages (i.e., Kupffer
cells). Here, the hypothesis was tested that SEC-derived matrices directly affect the
inflammatory response of macrophages. Methods. Transformed sinusoidal endothelial
cells (TSECs) were cultured for 24 or 72 hours. Culture plates were then washed with a
solution that selectively removed the cells, but preserved the ECM. Cultured
macrophages (RAW 264.7 cells) were then seeded on the matrix and cultured for 24
hours; the cells were then stimulated with LPS for 0, 3, 6, 12, or 24 hours (100 ng/mL) ±
CycloRGDfV. Real time RT-PCR was used to measure mRNA expression of
proinflammatory mediators (IL-6, IL-1β, TNF-α, and INOS) and anti-inflammatory
mediators (IL-10 and TGF-). Results. LPS stimulated the production of all mediators
by macrophages; when plated on ECM from TSECS, this response was attenuated for
IL-6 and IL-1β. The presence of TSEC-derived ECM increased expression of TGF-.
The addition of the small peptide antagonist CycloRGDfV produced varying effects on
the expression of inflammatory mediators in the presence or absence of TSEC-derived
ECM. Conclusions. These data serve as first proof-of-concept that macrophage
3

activation can be modulated by ECM produced by TSECs and identifies a new
interaction between these cells that may contribute to inflammatory liver disease.
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Introduction
Liver disease currently affects more than 30 million people in the United States (1).
Liver disease can occur in the presence or absence of alcohol consumption, but in both
cases includes a spectrum of diseases, from simple steatosis, or fatty accumulation on
the liver, to active inflammation, to advanced fibrosis and cirrhosis (2). One potential
mechanism for the induction of liver disease is the “two-hit” model, in which underlying
factors (e.g. alcohol consumption or environmental factors) sensitizes the liver to a
second injury, such as exposure to lipopolysaccharide (LPS) (3).
It is proposed that subtle changes in the hepatic extracellular matrix, either in protein
composition or amount, caused by a first hit, such as alcohol or arsenic, can sensitize
the liver to a second insult. Previous studies have shown that extracellular matrix
remodeling, specifically accumulation of the ECM protein fibrin, plays a critical role in
the early development of experimental inflammatory liver injury. In one study, male
C57BL/6J, B6.129-Tnfrsf1atm1Mak/J (TNFR-1−/−) mice (6 weeks) received ethanol in their
diet (6 g/kg) for three days (4). Twenty-four hours after the last ethanol administration,
mice were injected with LPS, which served as a second hit. Mice were also given
Hirudin, U0126, or PAI-1 inactivating antibody to block fibrin accumulation. The results
of this study, as shown through histology and plasma enzyme levels, indicated that
ethanol consumption enhanced injury caused by LPS. Enhanced injury caused by
alcohol correlated to increased accumulation of fibrin ECM by alcohol. Additionally, liver
injury and inflammation were dramatically blunted by blocking fibrin deposition. These
results indicate that ethanol-induced liver injury is mediated, at least in part, by the
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accumulation of fibrin ECM in the sinusoidal space However, the mechanisms
underlying the sensitization of the liver to a second hit are incompletely understood.
Additionally, a study was conducted to test the hypothesis that low levels of arsenic
sensitize the liver to injury in a mouse model of non-alcoholic fatty liver disease (5).
Male C57Bl/6J mice were exposed to low fat diet (LFD; 13% calories as fat) or high fat
diet (HFD; 42% calories as fat) and tap water or arsenic in their drinking water (4.9 ppm
as sodium arsenite) for ten weeks. Plasma enzyme levels and histology were used to
determine the level of liver damage. High fat diet significantly increased body weight
gain in mice compared with low-fat controls. HFD significantly increased liver to body
weight ratios and caused steatohepatitis. Arsenic exposure had no effect on indices of
liver damage in LFD-fed animals however it significantly increased the liver damage
caused by HFD. The liver damage enhanced by arsenic correlated with increased
inflammation and fibrin extracellular matrix (ECM) accumulation. Taken together, the
results of these preliminary studies suggest that hepatotoxins, including arsenic and
alcohol, may cause an altered ECM profile in the area of the sinusoids and that this
altered ECM may be pro-inflammatory. Therefore, the current study was designed to
further explore the mechanisms underlying pro-inflammatory effects of altered ECM in
the liver.
One mechanism by which ECM components may contribute to inflammation is
through interaction with cell surface adhesion receptors known as integrins (6). For
example, fibrin ECM interacts with the integrin v3, a receptor known to contribute to
inflammation, tumor angiogenesis, and metastasis (7, 8). Integrin v3 binds fibrin ECM
through interaction with the RGD (arginine-glycene-aspartate) sequence on the ECM
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(7). When this interaction is blocked using the small peptide antagonist CycloRGDfV,
LPS-induced liver injury caused by acute alcohol exposure is blunted with no effect on
fibrin accumulation (6). These data suggest that liver injury and inflammation may be
due, at least in part, to interaction between fibrin ECM and the integrin v3.
This study focused on the role of two non-parenchymal hepatic cell types that may
mediate the effects of ECM on inflammation: sinusoidal endothelial cells and Kupffer
cells. Sinusoidal endothelial cells (SECs) line the hepatic sinusoids, where ECM often
accumulates in the liver. SECs form the barrier that separates the blood vessel from the
Space of Disse, but are fenestrated to allow for the filtration of blood. SECs are known
to play a critical role in inflammatory liver injury. For example, it was shown that mice
lacking ICAM-1 (a receptor that is highly expressed on SECs) are protected from
alcohol-induced inflammatory liver injury (9). As mentioned above, fibrin ECM
accumulates in the sinusoidal space, and blocking fibrin protects against inflammatory
liver injury (4). The accumulation of this ECM, and other ECM components, may be
mediated by SECs. However, this hypothesis has never been tested.
Kupffer cells are also well-known to play a key role in liver injury and inflammation.
Kupffer cells are the resident macrophages of the liver. They participate in the innate
immune response through the phagocytosis of foreign substances and through the
release of inflammatory cytokines. However, in some cases, these cytokines may also
damage the surrounding normal tissue. For example, the GI-derived toxin LPS in the
bloodstream interacts with Kupffer cells via the CD14/TLR4 receptor complex. Through
a series of intracellular signaling cascades, this interaction increases the release of
tumor necrosis factor alpha (TNF-α), which damages the surrounding hepatocytes (10).
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In living systems, SECs and Kupffer cells are constantly interacting and communicating.
Therefore, it is important to study the communication between these cells.
It is hypothesized that SEC-derived matrices directly affect the inflammatory
response of macrophages. This study will further understanding of the role of SECderived matrices and the effect of these matrices on hepatic macrophage response,
which could potentially lead to new therapies.
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Materials and Methods
Cell culture
Transformed sinusoidal endothelial cells (TSECs) were a generous gift from Dr.
Vijay H. Shah (Mayo Clinic and Foundation, Rochester, MN). TSECs were maintained
in DMEM (Sigma) with 5% fetal bovine serum (FBS), 1% antibiotic/antimycotic, and
endothelial cell grown supplement (Sciencell) and incubated in a humidified 5% CO2
incubator at 37 °C. Cells were passaged at confluency every 3-4 days, using a solution
of 0.05% trypsin with EDTA and split by adding 100 µL of the trypsinized monolayer to
10 mL of media. RAW 264.7 cells (ATCC) were maintained in DMEM (Sigma) with 5%
FBS and 1% antibiotic/antimycotic and incubated in a humidified 5% CO2 incubator at
37 °C. Cells were passaged every 3-4 days by gently scraping the side of the culture
flask using a cell scraper (no trypsin) and split by adding 1 mL detached cells to 9 mL of
media.
Treatment of Cells
TSECs (passage 5-6) were seeded on a 12-well plate (Nunc) at a density of
50,000 cells per well in 1.0 mL of media. To control for the effect of TSEC-derived ECM,
some wells (control wells) were treated in parallel, but devoid of cells. Cells were
incubated for 24 or 72 h. After the incubation period, TSECs were washed and treated
with a solution containing 0.25 M ammonium hydroxide and 1 mM EDTA to selectively
remove the cells and preserve the ECM. After three washes, the extracellular matrix
deposited by the TSECs was used as a substratum for culturing RAW 264.7 cells (11,
12). RAW 264.7 cells (passage 4-14) were seeded at a density of 150,000 cells per well
in 1.0 mL of media on the preserved TSEC ECM or in control wells and incubated for 24
hours. Then, cells were exposed to LPS (100 ng/mL) ± CycloRGDfV (10 µM) for an
9

additional 3, 6, 12, or 24 hour incubation period. Upon termination, supernatant was
removed and stabilized with 10 µL aprotinin (1 mg/mL) and stored at -80 ˚C for further
analysis. 0.25 mL RNA STAT was added to each well to lyse the cells and to prepare
the lysate for RNA isolation.
RNA Isolation and Quantitative Reverse-Transcriptase Polymerase Chain
Reaction
The hepatic mRNA expression of select genes was detected by quantitative
reverse-transcriptase polymerase chain reaction (rt-PCR), which is routine for this group
(4, 5, 13, 14). PCR primers and probes for TNFα, IL-6, IL-1β, iNOS, and β-actin were
designed using Primer 3 (Whitehead Institute for Biomedical Research, Cambridge,
MA). Primers and probe for IL-10 were bought from Applied Biosystems as kits (Foster
City, CA). All primers were designed to cross introns to ensure that only cDNA and not
genomic DNA was amplified.

Total RNA was extracted from liver tissue by a

guanidinium thiocyanate-based method (RNA STAT 60 Tel-Test, Ambion, Austin, TX).
RNA concentrations were determined spectrophotometrically and 1 μg of total RNA was
reverse transcribed using a kit (Quanta Biosciences, Gaithersburg, MD). PerfeCta
qPCR Fast Mix (Quanta Biosciences, Gaithersburg, MD) was used to prepare the PCR
reaction mixture. This 2X mixture is optimized for TaqMan reactions and contains
MgCl2, dNTPs, and AccuFast Taq DNA Polymerase. Amplification reactions were
carried out using the ABI StepOne Plus machine and software (Quanta Biosciences,
Gaithersburg, MD) with initial holding stage (95⁰C for 30 seconds) and 50 cycles of a 2step PCR (95⁰C for 30 seconds, 60⁰C for 20 seconds).

Fluorescent intensity of each

sample was measured at each cycle to monitor amplification of the target gene. The
10

comparative CT method was used to determine fold changes in mRNA expression
compared to an endogenous reference gene (β-actin). This method determines the
amount of target gene, normalized to an endogenous reference and relative to a
calibrator (2-∆∆Ct).
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Results
TSEC-derived ECM suppresses LPS-induced expression of IL-6 and IL-1β in RAW
264.7 macrophages. The purpose of this study was to observe the effect of the
sinusoidal extracellular matrix on basal and stimulated macrophage activation.
Therefore, the expression of proinflammatory cytokines IL-6, IL-1β, and TNF-α was
measured over a period of 24 hours by RT-PCR. The TSEC-derived ECM had no effect
on basal expression of IL-6, IL-1β, and TNF-α in the absence of LPS (Figure 1). LPS
alone, however, dramatically increased the expression of all three genes. At 6 hours,
the expression of IL-6 and IL-1β was dramatically decreased by the presence of TSECderived ECM (by ~3 fold and by ~2.5 fold, respectively). The expression of TNF-α did
not change in the presence of TSEC-derived ECM.

CycloRGDfV produced varying effects on the mRNA expression of IL-6, IL-1β,
TNF-α, iNOS, TGF-β, and IL-10 in the presence or absence of TSEC-derived ECM.
RAW 264.7 cells were grown on either TSEC-derived ECM or in control wells, then
exposed to LPS (100 ng/mL) ± CycloRGDfV (10 μM) for 6 hours to potentially block the
interaction between the ECM and the macrophages. The mRNA expression of IL-6, IL1β, TNF-α, iNOS, TGF-β, and IL-10 was determined using real time RT-PCR.
As seen previously (figure1), LPS alone dramatically induced IL-6 expression
and the presence of TSEC-derived ECM blunted this effect. The addition of
CycloRGDfV further blunted the effect of LPS in both the presence and absence of
TSEC-derived ECM (Figure 2, top panel).
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LPS alone also drastically increased the expression of IL-1β. As seen in Figure 1,
the presence of TSEC-derived ECM blunted this effect at the 6 hour time point. Unlike
IL-6 expression, the addition of CycloRGDfV increased IL-1β expression in both the
presence and absence of TSEC-derived ECM (Figure 2, second panel).
The expression of TNF-α was also increased by the presence of LPS. At the 6
hour time point, TNF-α expression increased in the presence of TSEC-derived ECM,
unlike IL-6 and IL-1β expression. TNF-α expression increased robustly with the addition
of CycloRGDfV in the absence of TSEC-derived ECM and increased slightly in the
presence of TSEC-derived ECM (Figure 2, third panel).
The expression of iNOS once again increased in the presence of TSEC-derived
ECM alone at the 6 hour time point, similar to TNF-α expression. iNOS expression
increased robustly with the addition of CycloRGDfV in both the presence and absence
of TSEC-derived ECM (Figure 2, bottom panel).
TGF-β expression decreased with LPS alone. In the presence of TSEC-derived
ECM, TGF-β expression increased dramatically. This increase in expression was
blunted by the addition of CycloRGDfV (Figure 3, top panel).
IL-10 expression was induced by LPS alone, and the presence of TSEC-derived
ECM had no apparent effect on IL-10 expression. The addition of CycloRGDfV
decreased IL-10 expression in both the presence and absence of TSEC-derived ECM
(Figure 3, bottom panel).
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Discussion
The aim of this study was to investigate the potential link between the hepatic
sinusoidal extracellular matrix and liver injury and inflammation. It has been proposed
that hepatotoxins such as alcohol prime macrophages to a second hit, such as LPS.
The purpose of this study was to test the hypothesis that SEC-derived matrices directly
affect the inflammatory response of macrophages. In order to test this hypothesis, a coculture model was used in which transformed sinusoidal endothelial cells (TSECS) were
grown in culture and the matrix produced by these TSECs was isolated. The ECM
produced by the TSECs was then used as a substratum for RAW 264.7 cells, which
were then exposed to LPS.
RAW 264.7 cells were cultured on a surface containing isolated TSEC ECM or
empty surface (control wells). The mRNA expression of several pro- and antiinflammatory mediators was measured in this study. Pro-inflammatory mediators
investigated were IL-6, IL-1β, TNF-α, and iNOS. The IL-6 protein is important in
inflammation, B cell maturation, and the development of fever. IL-1β and TNF-α are
both critical for cell proliferation, differentiation, and apoptosis (15). iNOS, or inducible
nitric oxide synthase, is important in the inflammatory process and defense against
pathogens (16). Anti-inflammatory mediators investigated in this study were TGF-β
(transforming growth factor beta) and IL-10. TGF-β is involved in the regulation of
proliferation, cell adhesion, and cell migration. IL-10 is another immunoregulatory
cytokine (15).
Perhaps the most useful interpretation of the results of this study is the examination
of the effect of TSEC-derived ECM on macrophage polarization. Activated
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macrophages are typically polarized into one of two distinct phenotypes as a result of
signals from their surrounding environment. These phenotypes are the M1 “classically”
activated phenotype and the M2 “alternatively” activated phenotype (17). M1
macrophages are activated by the presence of type 1 cytokines, such as INFγ, the
recognition of “pathogen-associated molecular patterns” (LPS), or in response to
endogenous “danger” signals, like heat shock proteins. M1 macrophages are also
involved in macrophage-mediated tissue injury through the release of pro-inflammatory
cytokines, including IL-6, IL-1β, TNF-α, and iNOS. In this study, LPS induced the
expression of these four M1 pro-inflammatory mediators. In the presence of TSECderived ECM, however, IL-6 and IL-1β expression decreased and TNF-α and iNOS
expression increased. With the addition of the small peptide antagonist CycloRGDfV, IL6 expression was dramatically decreased, whereas the expression of M1 mediators IL1β, TNF-α, and iNOS increased in both the presence and absence of TSEC-derived
ECM.
M2, or alternatively activated macrophages, can be subdivided into three classes.
M2a macrophages are activated by the presence of cytokines IL-4 and IL-13. M2b
macrophages are activated by the presence of immune complexes, IL-1β, and LPS.
M2c macrophages are activated by IL-10, TGF-β, and glucocorticoids, steroid hormones
involved in the immune response (17). M2 macrophages are generally
immunosuppressive and are involved in the resolution of inflammation through
phagocytosis and tissue repair. They are characterized by the release of antiinflammatory mediators, including TGF-β and IL-10. In this study, LPS alone decreased
TGF-β expression, but increased IL-10 expression. The presence of TSEC-derived
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ECM increased TGF-β expression, but had no effect on IL-10 expression at the six hour
time point. With the addition of CycloRGDfV, TGF-β expression increased in the
absence of TSEC-derived ECM, but decreased in the presence of TSEC-derived ECM.
IL-10 expression decreased both the presence and absence of TSEC-derived ECM.
The results of this study have several important implications. First, these results
indicate that TSEC-derived ECM has a myriad of effects on macrophage polarization.
The presence of TSEC-derived ECM shifted the macrophages neither completely to the
M1 phenotype, nor the M2 phenotype. For the purposes of this model, therefore,
polarization does not appear to shift significantly in one way or the other, and in future
studies, macrophage activation should be investigated on a gene-specific basis.
Second, the blunting effect produced by the presence of TSEC-derived ECM on the
expression of many genes, including IL-6 and IL-1β, has important implications for invitro work. Future studies should take into consideration that no in-vitro model can
completely recapitulate an in-vivo system, especially when cell-ECM communication
may play a pivotal role. Finally, the results of this study support the hypothesis that
SEC-derived matrices directly affect the inflammatory response of macrophages. While
it is not clear if the ECM favors a pro- or anti-inflammatory response, these results
suggest that the communication between SECs and Kupffer cells contribute in some
way to the inflammatory response, and that this effect may be altered by blocking
integrin-ECM interaction.
Previous research from this group has investigated the “two-hit hypothesis,” in which
in which underlying factors (e.g. alcohol consumption or environmental factors) sensitize
the liver to a second inflammatory stimulus, such as exposure to LPS. Indeed, it has
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been shown that both ethanol and sub-hepatotoxic levels of arsenic enhance LPSinduced liver injury. Furthermore, both of these factors are also correlated to changes in
ECM composition. The results provided by this study provide valuable information
regarding the role of the sinusoidal ECM in regulating macrophage activation in the
sensitization of the liver.
In addition to serving as important proof of concept, this study also employed a novel
model which will be useful in future studies. While no in vitro model can fully recapitulate
the in vivo hepatic environment, the co-culture model used for these studies attempts to
recreate one aspect of the hepatic environment, specifically the interaction between
sinusoidal endothelial cells and Kupffer cells. In this way, this model can allow for
improved in vitro study of important cell-cell interactions compared to other monoculture techniques or models. In the future, further studies would be useful to validate
the results produced in this experiment. It would also be useful to characterize the
make-up of the ECM produced when TSECs, and potentially are exposed to a stimulus,
specifically arsenic.
In conclusion, the results of this study supported the hypothesis that SEC-derived
matrices directly affect the inflammatory response of macrophages to a stimulus such
as LPS. When RAW 264.7 cells were seeded on a TSEC-derived matrix as opposed to
no matrix and exposed to LPS, mRNA expression of the inflammatory mediators IL-6
and IL-1 was severely blunted. These data serve as important proof of concept that
SEC-derived ECM may play a role in macrophage activation, providing a potential link
between altered sinusoidal ECM composition and hepatic injury.
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Figures
Figure 1

RAW 264.7 mRNA Expression
(fold of control)

RAW 264.7 cells were cultured on isolated TSEC ECM or control wells for 24 hours,
then exposed to LPS (100 ng/mL) for 0, 3, 6, 12, or 24 hours (see Methods). mRNA
expression of IL-6, IL-1β, and TNF-α was determined using real time RT-PCR (see
Methods).
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Figure 2

RAW 264.7 mRNA Expression
(fold of control)

RAW 264.7 mRNA Expression
(fold of control)

RAW 264.7 cells were cultured on isolated TSEC ECM or control wells for 24 hours,
then exposed to LPS (100 ng/mL) ± CycloRGDfV (10 µM) for 6 hours (see Methods).
(see Methods). ). mRNA expression of M1 inflammatory mediators IL-6, IL-1β,TNF-α,
and iNOS was determined using real time RT-PCR (see Methods).
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Figure 3

RAW 264.7 mRNA Expression
(fold of control)

RAW 264.7 cells were cultured on isolated TSEC ECM or control wells for 24 hours,
then exposed to LPS (100 ng/mL) ± CycloRGDfV (10 µM) for 6 hours (see Methods).
(see Methods). ). mRNA expression of M2 anti-inflammatory mediators TGF-β and IL-10
was determined using real time RT-PCR (see Methods).
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